analyses of 16S rRNA gene sequences from 30 diverse MLOs representative of nearly all known distinct MLO groups, five major phylogenetic groups with a total of 11 distinct subclades (monophyletic groups or taxa) could be recognized. These MLO subclades (roman numerals) and designated type strains were as follows: i, Maryland aster yellows AY1; ii, apple proliferation AP-A; iii, peanut witches'-broom PnWB; iv, Canada peach X CX; v, rice yellow dwarf RYD; vi, pigeon pea witches'-broom PPWB; vii, palm lethal yellowing LY; viii, ash yellows AshY; ix, clover proliferation CP; x, elm yellows EY; and xi, loofah witches'-broom LfWB. The designations of subclades and their phylogenetic positions within the MLO clade were supported by a congruent phylogeny derived by parsimony analyses of ribosomal protein L22 gene sequences from most representative MLOs. On the basis of the phylogenies inferred in the present study, we propose that MLOs should be represented taxonomically at the minimal level of genus and that each phylogenetically distinct MLO subclade identified should represent at least a distinct species under this new genus.
Mycoplasmalike organisms (MLOs) have been found to be associated with diseases in several hundred plant species since 1967, when Doi et al. (7) first discovered the presence of cell wall-less prokaryotes within the sieve cells of plants exhibiting "yellows" symptoms. These unique plant pathogenic prokaryotes have been termed MLOs because of their resemblance in morphology and ultrastructure to animal mycoplasmas (members of the class Mollicutes). For nearly three decades, attempts to isolate MLOs in pure culture have failed.
The inability to culture MLOs has made it difficult to characterize these pathogens and to determine their taxonomic status by traditional methods. Consequently, it has long remained uncertain whether all MLOs are members of the class Mollicutes.
The members of the class Mollicutes, commonly referred to as mollicutes (13) , are characterized by the lack of a cell wall, small genome size (680 to 1,600 kb), low guanine-plus-cytosine (G+C) content, and unusual nutritional requirements (for a review, see reference 38). Although they were originally proposed by Neimark to be derived from various gram-positive bacteria (35) , the heterogenous mollicutes were suggested by Woese et al. to be derived from a single lineage of ancestral gram-positive bacteria (54) . Studies by Woese (53, 54) and others (37, 42, 50) postulated that the phylogeny of prokaryotes could be manifested through analyses of highly conserved rRNA genes sequences. By (50) and Maniloff (28) indicated that the mollicutes arose from a gram-positive clostridium-like ancestor of the lactobacillus lineage. The phylogenetic relationships among mollicutes established by these studies revealed that the previous taxonomic scheme based on phenotypic (biological and biochemical) characteristics was not always consistent with phylogeny, underscoring a necessity to modify the traditional concept of taxonomy (38) . On the basis of the study by Weisburg et al. (50) , the taxonomy of the class Mollicutes was recently revised to be more consistent with its phylogeny, introducing one additional order (Entomoplasmatales) and the genera Entomoplasma and Mesoplasma (48) . Further revision will be needed, particularly with regard to polyphyletic Mycoplasma spp., for a more cogent, polyphasic (based on integrated use of phylogenetic and phenotypic characteristics) (30) taxonomy for mollicutes.
Since their discovery, the plant pathogenic MLOs have been tentatively considered likely members of the class Mollicutes, principally because they lack cell walls (for reviews, see references 19 and 29) . Because of the absence of in vitro culture, many of the phenotypic criteria traditionally used for taxonomy of culturable mollicutes cannot be applied to MLOs. This circumstance necessitates emphasis on molecular characteristics and phylogeny rather than on phenotypic characteristics in determining the taxonomic status of MLOs.
Thus far, phylogenetic investigations of MLOs have been limited. Earlier studies by Lim and Sears (25, 27) , Kuske and Kirkpatrick (18) , and other groups (16, 17, 33, (19, 20) , and genome sizes (600 to 1,200 kb [26, 34, 36] (27) was used for amplification of part of the ribosomal protein (rp) gene cluster from AY MLO. We refer to these primers as rpFl and rpRl. Since rp genes could not be amplified from all MLOs by using these primers (rpFlRl), additional primers were designed in this study. These primers, rpF2 and rpR2, were selected by examining aligned rp gene sequences from the MLOs amplified by using rpFlRl (AY, CX, EY, LfWB, AshY, and PPWB MLOs). rp sequences different from that of AY MLO were then selected to use as PCR primers. The oligonucleotide sequences of these primers are as follows: (i) rpF2, 5'-TCTCGTACTlIT CGTGG-3'; and (ii) rpR2, 5'-ACCTT TAGCTCTTGGAA-3'. The primer sequence for rpF2 is located within the MLO rp gene cluster at the 3' end of rpS19.
The primer rpR2 is located near the 3' end of rpL22 gene (Fig.  1B) . These primers were used successfully to amplify rpL22 gene sequences from AP-A and CP MLOs.
For PCR, total nucleic acid was extracted from healthy or MLO-infected plant tissue as described elsewhere (21) . Nucleic acid samples were diluted in sterile, deionized water to give a final concentration of 20 ng/ll. PCR assays were performed as previously described (24), with 20 ng of total nucleic acid, 200 1iM each deoxynucleoside triphosphate, and 0.4 ,uM primer pair. Thirty-five PCR cycles were conducted in an automated thermocycler (Perkin-Elmer Cetus, Norwalk, Conn.). The following parameters were used: denaturation at 94°C for 1 min (2 min for first cycle), annealing at 50°C for 2 min, and then extension at 72°C for 3 min (10 min in final cycle). Tubes with the reaction mixture devoid of DNA template were included in each experiment as negative controls. PCR products were examined by electrophoresis through a 1% agarose gel, which was followed by staining in ethidium bromide and visualization of DNA bands with a UV transilluminator.
Sequencing methods. PCR-amplified gene products were isolated from a 5% polyacrylamide gel, purified by the crush and soak method (43) , and then directly sequenced by standard dideoxy termination methods using the fmol kit (Promega Corporation, Madison, Wis.) for thermo-cycle sequencing. All primers used for PCR amplification of 16S rRNA and rp gene sequences were used for cycle sequencing. In addition, several primers nested within the 16S rDNA fragment amplified with the primer pair R16F2/R2 were employed. These primers were R16F3 (3), R16F4 (see Fig. 3 ) was constructed by a heuristic search via random stepwise addition implementing the tree bisection and reconnection branch-swapping algorithm to find the optimal phylogenetic tree(s). A. abactoclasticum was selected as the outgroup on the basis of its position in the global mollicutes phylogeny. The analysis was replicated 1,000 times. A second MLO phylogeny based on the rpL22 gene sequence (see Fig. 4 (50) (Fig. 2) Fig. 3 . By inclusion of more diverse MLO strains for analysis, designation of monophyletic groups within MLOs was somewhat expanded. On the basis of 16S rRNA gene sequences analyzed in both the global mollicutes phylogeny (Fig. 2) and the MLO phylogeny (Fig. 3) DISCUSSION 4), a second gene, was employed to support and validate the phylogenetic relationships inferred on the basis of MLO 16S rRNA gene sequences. Although they are highly conserved, rp coding genes exhibit greater sequence variation (55 to 78% nucleic acid sequence homology for rpL22 of MLOs studied) than rRNA genes. rpL22 gene sequences from at least one representative from each of the 11 MLO subclades, with the exceptions of PnWB MLO and LY MLO (representatives from subclades iii and vii, respectively), for which gene sequences were not obtainable, were included. A. laidlawii was selected as the outgroup, andAcholeplasma sp. strain J233 was included in the analysis. Phylogenetic analysis of rpL22 gene sequences yielded three equally parsimonious trees, differing only slightly in terminal branch lengths, one of which is presented in Fig. 4 . The phylogeny inferred by rpL22 gene sequence analysis (Fig. 4) was nearly congruent with that inferred by 16S rRNA gene analysis, indicating similar interrelatedness among MLO taxa.
Unique 16S rRNA sequences identified in MLOs. By comparison of aligned 16S rRNA gene sequences from 30 MLOs, 46 mollicutes, and 7 related bacteria, specific oligonucleotide sequences (signatures) unique to MLOs as a whole and unique to major subclade members within MLOs were identified. Representative signatures are presented in Table 2 .
In the present study, on the basis of parsimony analysis of 16S rRNA gene sequences from 19 representative MLOs, 46 mollicutes, and several walled bacteria, the phylogenetic placement of the plant pathogenic MLOs within the class Mollicutes has been clearly established. The phylogenetic trees resolved from these analyses revealed that the MLOs form a monophyletic group (clade) within the expanded Anaeroplasma clade, which included Anaeroplasma species, Acholeplasma species, and MLOs. The analyses indicated that all MLOs are more closely related to the members of the' genus Acholeplasma (family Acholeplasmataceae, order Acholeplasmatales) than to members of the genus Anaeroplasma (family Anaeroplasmataceae, order Anaeroplamatales), in agreement with previous works (16-18, 25, 33, 44) . The global mollicutes phylogeny inferred in the present study using parsimony, including plant pathogenic MLOs for analysis, was fairly consistent with that of Weisburg et al. (50) . Clades that were delineated coincided with primary groups identified by Weisburg et al. (50) . Our analysis further refined the phylogeny of mollicutes, specifically with regard to the Anaeroplasma clade, in which the branching order and clustering of multiple taxa were resolved. The inclusion of diverse MLO taxa in the mollicutes analysis revealed that the Anaeroplasma species are monophyletic, while the Acholeplasma species are paraphyletic, constituting (Fig. 3) . The MLO branching order resolved by these analyses (subclade i, AY and related strains; subclade ii, AP and related strains; subclade iii, PnWB and related strains, and subclade iv, CX and related strains) suggested an order of MLO evolutionary divergence. This indicated that AY and related strains were the MLO taxa with the closest phylogenetic link to Acholeplasma relatives. The branching order for subclades v through xi could not be resolved with certainty. The monophyly of MLOs and their phylogenetic interrelationships, as inferred by analyses of 16S rRNA gene sequences, were well supported by an inferred rp gene phylogeny (Fig. 4) . In this phylogeny, eight phylogenetically distinct MLO taxa (or groups) were identified, corresponding to eight of the MLO subclades identified by 16S rRNA gene analysis. The branching order was substantially similar to that resolved by 16S rRNA gene analyses, rendering unlikely any possibility of horizontal transfer of either gene. The congruence of the MLO phylogeny derived by analysis of this second conserved gene validated the phylogeny inferred for MLOs on the basis of 16S rRNA gene sequences and supported their interpretation as organismal phylogenies.
The closest relative of MLOs examined was Acholeplasma sp. strain J-233. The comprehensive phylogenies resulting from the present study revealed that Acholeplasma strain J-233 was more related to other Acholeplasma species than to MLOs, in contrast with a previous report based on phylogenetic analysis of rpS3 gene sequences (47 (Fig. 2 and 3 ) that ACLR MLO is very closely phylogenetically linked to the members of the 16S rRNA group I.
Traditional taxonomy for the class Mollicutes was based on phenotypic characteristics. More recently, a polyphasic taxonomy system based on both phylogenetic and phenotypic characteristics was adopted by the International Committee of Systematic Bacteriology Subcommittee on the Taxonomy of Mollicutes (30) . Because of deficiencies in the traditional system that were made clear by the integration of phylogenetic information, the policy of basing bacterial taxonomy on phylogeny was adopted (30) . Agreement was made that the complete sequence of the bacterial genome would be the basis for phylogeny and, ultimately, taxonomy. Thus, nomenclature would agree with and reflect genomic information (49) . Because of a lack of complete genomic sequences, current bacterial taxonomy must rely on the combination of phenotypic characteristics and the most reliable phylogeny available (30) .
In the present taxonomy for the class Mollicutes, ordinal classifications were primarily based on nutritional (sterol) requirements and oxygen sensitivity (39, 41) 
